ABSTRACT: We examined how the recruitment and structure of intertidal mussel Mytilus edulis communities and a number of variables (phytoplankton concentration, mean and maximal wave forces, water flux, abrasion by ice, along-shore distance) vary among 4 size classes of embayments (straight coastlines, and embayments with mouth openings of 100, 250 and 400 m) at 12 sites over an apparently homogeneous 15.6 km stretch of coastline in the St. Lawrence estuary, Canada. Only species richness was influenced by embayment size such that mean richness was highest along linear coastlines. Despite larger within-site than among-site variation in community structure indices, significant correlations were found for community structure, recruitment and a number of other physical and biological variables (r 2 = 0.76, 0.20, 0.06, and 0.13 for recruitment, ShannonWeiner diversity calculated from abundance and biomass data, and richness, respectively), highlighting the importance of each of these factors to intertidal community structure. Overall, alongshore distance explained the highest proportion of variance for both recruitment (partial r 2 = 0.34) and diversity calculated from abundance data (partial r 2 = 0.11). The other variables explained varying portions of the total variance of these and other indices of community structure. Possible mechanisms relating the observed patterns in community structure to the various indices measured are discussed. 
INTRODUCTION
Ecological communities vary both temporally and spatially (Addicott et al. 1987 , Cornell & Lawton 1992 , Tokeshi 1993 . Schluter & Ricklefs (1993) suggest that community diversity varies on 3 broad spatial scales: (1) among geographic regions -regional-scale, (2) among sites within regions -mesoscale, and (3) within sites -local scale. Most studies done at the mesoscale, the scale of interest in this study, have contrasted sites that differ markedly in at least 1 way, e.g., with respect to exposure regimes (Menge 1976 , Bell & Denny 1994 ), positions within fjords or embayments (Hansen & Ingólfsson 1993 , Rapoport 1994 , Pugh & Davenport 1997 , levels of human impacts (Dye 1992 , Brosnan & Crumrine 1994 , and substrate quality (McQuaid & Branch 1984 , Schoch & Dethier 1996 . Few have contrasted sites that are both separated by short (mesoscale) distances and subject to similar environmental conditions.
As mussels are commonly the dominant invertebrate species on hard surfaces in the mid-to lower intertidal range in all temperate seas (Seed 1976 , Suchanek 1985 , Seed & Suchanek 1992 , including the area considered in this study, an understanding of the factors that underlie their dynamics may help explain mesoscale variation in the communities of organisms associated with them. In this paper, we examine how mussel community structure in the St. Lawrence estu-ary, Canada, varies among adjacent sites over ca 15 km of coastline and relate differences to a number of factors. Each of these is outlined below.
Coastal heterogeneity
At the mesoscale, hydrodynamics and linked biological processes are influenced by, among other things, coastal heterogeneity (Okubo 1973 , Wolanski & Hamner 1988 . For headlands, the effects cited are of 2 broad categories: (1) the influence of headland wake on larval concentration and subsequent recruitment (Ebert & Russell 1988 , Rankin et al. 1994 , and (2) the effect of differential exposure on headlands and its influence on predation rates (Menge 1978a,b) . Studies on the effects of embayments have examined how they influence recruitment (Lagadeuc 1992 , Sewell & Watson 1993 , Archambault et al. 1998 ) and the spatial variations in community richness within them (Hansen & Ingólfsson 1993 , Rapoport 1994 .
However, many studies on coastal heterogeneity have not been replicated and conclusions drawn from them, although plausible, need validation (Hurlbert 1984 , Underwood & Petraitis 1993 . Replicated sites displaying the factor of interest must be studied and compared to similar sites without that factor in order to attribute between-site differences to that effect. Further, with the exception of Archambault & Bourget (1996 and Blanchard & Bourget (1999) , the influence of the scale of mesoscale topographic features on community structure has not been examined.
Climatic severity
The diversity of a community may be a function of the disturbance regime it experiences (Connell 1978 , Sousa 1979 , Dial & Roughgarden 1998 . In marine intertidal environments, one of the most commonly cited indices of physical disturbance is wave action (Jones & Demetropoulos 1968 , Bustamante & Branch 1996 . Embayments may limit wave action on their shores because of a 'wave shadow' created by the directional aspect of the waves or because small embayments tend to be shallow and waves that do reach the intertidal zone may be smaller than on the open coast or in large embayments. Subarctic regions such as the one examined in this study are scoured by ice each year (Mathieson et al. 1991) , which may be a dominant and spatially variable force shaping intertidal communities in these regions. For instance, mussel communities in the St. Lawrence estuary are limited to crevices, the base of boulders and other substrate irregularities because of this annual event (Bergeron & Bourget 1986) . Embayment size may influence abrasion by ice by altering its movement.
Energy supply
The size of an embayment modifies the retention time of the water it contains (Okubo 1973 , Sanford et al. 1992 ) and of the particles suspended within this water, including phytoplankton ), a major source of food for filter feeders such as mussels (Newell et al. 1989 , Seed & Suchanek 1992 . As the energy supplied to a system may have numerous effects, ultimately influencing specific diversity and community structure (Pianka 1988 , Wright et al. 1993 , Menge et al. 1997a , differences in the quantity of phytoplankton supplied to benthic communities dominated by filter feeders may have a significant impact on them. This is the basis of the nutrient/productivity hypothesis (Menge et al. 1995) . It states that differences in benthic communities dominated by suspension-feeding invertebrates, such as mussels, result from differences in top-down factors (interaction strength) that are attributable to differences in nearshore primary productivity and other linked bottom-up factors. Thus, differences in the standing stock of phytoplankton between sites, due to either differences in primary productivity (Dahlhoff & Menge 1996 or entrapment (Roff et al. 1979) , may lead to differences in community structure among embayments of different sizes or sites.
Recruitment
The structure and functioning of communities are also dependent on the rate of recruitment of their component species (Osman 1977 , Booth & Brosnan 1995 , Caley et al. 1996 , Robles 1997 , which may vary greatly among sites (Underwood & Denley 1984 , Caffey 1985 . Thus, communities may differ among sites because of variation in recruitment due to embayment size, geographic location, and/or any of the other previously discussed variables.
The goals of this study were to test whether intertidal mussel communities vary over the mesoscale and whether this is a function of the size of embayments ≤ 400 m. We then tested whether (1) exposure, (2) energy supply (phytoplankton standing stock), and (3) recruitment vary among embayments of different sizes and/or among sites and if such variation may explain observed differences in community structure. We also examined the correlation between recruitment strength and the other variables measured.
METHODS
Study site. Sites were located along a 15.6 km stretch of coastline on the south shore of the St. Lawrence estuary centred around Grosses Roches, Québec, Canada (48°56' N, 67°10' W). This area was selected because of a high concentration of embayments over a relatively short coastline, thereby reducing among-site variability due to larger-scale variation in community structure. Tides are diurnal with mean and maximal fluctuations of approximately 2.6 and 4.1 m, respectively. Typical summer surface salinity and temperature are 27 ppt and 14°C (Fradette & Bourget 1980) . Embayments. Smooth coastlines (n = 5) and embayments with mouth openings of 100 (n = 4), 250 (n = 3) and 400 m (n = 3) and with depths at least 1 ⁄ 3 their breadth were selected for possible study. From these, 3 embayments of each size and 3 smooth coastlines (hereafter considered as embayments with mouth openings of 0 km) were selected (randomly, when possible) for intensive study. All sites selected were pocket beaches of well-rounded boulders 0.3 to 1.0 m in diameter overlaying an unconsolidated substrate composed of sand and larger particles. None had any evident source of freshwater run-off.
Boulders and sampling. Typical boulder mussel communities appear mostly limited to a well-defined collar around the middle of boulders. This is presumably due to the annual abrasion by ice and intense predation by the whelk Nucella lapillus defining the upper and lower limits of the communities, respectively. Above this collar, a variety of ephemeral algae may be present with the occasional 'island' of small mussels found, usually associated with some irregularity in the boulder and presumably recently recruited. Other than N. lapillus, littorinids, and a few hydrozoans, few animals or algae occur below the lower limit.
The near total absence of organisms in positions other than those protected from the annual abrasion by ice (Bergeron & Bourget 1986 ) makes random sampling impractical in this study area. Six boulders at roughly the same intertidal height (approx. 1.0 to 1.5 m above chart datum) and between 0.35 and 0.80 m in diameter were randomly selected for sampling in the base (i.e., the most inland portion) of each embayment. From the north position on each boulder (facing the estuary), a 10 × 10 cm sample was taken from the upper limit of mussels. All animals and algae within the quadrats sampled were collected. Each sample was placed in a plastic bag and frozen until analysis in the laboratory. In the lab, samples were passed through a series of 5 screens (500 µm, 1, 2, 4 and 8 mm mesh). The animals and algae collected on each screen were identified to the lowest taxonomic level possible, counted, blotted dry and their weights recorded.
Climatic severity. Wave exposure was evaluated in 2 separate ways. First, a measure of the relative flux of water was estimated as the erosion of plaster cylinders (Muus 1968) . Cylinders (9 × 2.6 ± 0.1 cm with a 0.5 cm hole passing through the length and capped at both ends by a layer of fibreglass resin) were secured vertically onto the top of rocks using stainless steel bolts screwed into plastic anchors and held in place by wing nuts. Erosion was evaluated as the mass lost (cylinders air-dried to constant mass) following 24 h periods (2 tidal cycles) in the field. Erosion of plaster was measured from the same 5 randomly selected rocks in each embayment on 6 separate dates in July-August 1996 (once a week for 6 consecutive weeks on randomly chosen days within weeks).
Second, wave force in embayments was estimated using dynamometers (Bell & Denny 1994) . This approach may provide a more realistic index of exposure than water flux, as it is generally the maximal rather than average drag created by water velocities that determines whether an organism will be broken or dislodged (Denny & Gaines 1990 , Denny 1995 . Three of these devices were deployed in each embayment and replaced at regular intervals for routine maintenance. Except for a 1 wk period, measurements were taken every other day from 7 July to 23 August 1996.
The intensity of ice abrasion was measured as the over-winter 'survival' of 50 small (~1 cm high) cement cones that were secured to the tops of 50 haphazardly chosen boulders in the area where samples were taken in each embayment in September 1995. The cones were made of Quick Plug Hydraulic Cement (Bondex International Ltd) using ice-cube trays as forms and painted with yellow enamel floor paint (Crown Diamond) to facilitate their recovery in the spring. After drying the surface of boulders used thoroughly with a blowtorch, cones were glued in place with fibreglass resin at least 3 h before the tide returned to that level. A cursory examination 2 wk after cones were installed confirmed their presence before winter. 'Survivorship' of the cones was determined in May 1996.
Energy supply. Phytoplankton abundance was estimated as chlorophyll a (chl a) concentrations. Two zones were established within each sample site. The first (inshore) was located in the base of the embayments or along the straight coasts at the 2 m isobath, directly above the intertidal benthic communities sampled. For straight coasts, the offshore zone was located at a distance from the shore approximately twice that of the first zone. For embayments, the offshore zone was located at a distance outside of the embayments equal to that between the shore and the inshore zone. The offshore zones were sampled in an attempt to partial out larger-scale between-site variance that is not due to embayment size effects. The sampling schedule called for each of the 12 sites to be sampled over periods of 3 d in July, August and September. However, storms prevented this and the actual sampling dates were 31 July, 2-3, 23, 24 and 30 August, and 25-26 September 1995. All samples were taken ± 45 min of high tide. Sampling was done by taking triplicate samples (5 l Niskin bottles) at depths of 1.75 m at each zone. Water samples were transferred to the laboratory in insulated Coleman bottles and processed within 4 h of collection. In the laboratory, 200 ml aliquots were filtered onto 25 mm GF/F75 glass fibre filters (AMD Manufacturing), the filters wrapped in aluminium foil and frozen for up to 4 mo before being analyzed for chl a concentration using the acetone-extraction method and a Turner Designs (model 10) fluorometer (see Fréchette & Bourget 1985) .
Recruitment. Only the recruitment of the dominant species, the mussel Mytilus edulis, was determined. To avoid variance due to differential settlement on natural substrates that may obscure among-site differences, recruitment was estimated using standardized collectors. The collectors were multifilament nylon bags (25 × 30 cm) with a 3 mm mesh filled with a standardized quantity (78 g) of monofilament (1 cm mesh of 0.5 mm diameter). Collectors were affixed to the top of 5 rocks in each study site by cords attached to each corner of the collectors, which were tied to screws fixed in the rock by plastic anchors. The rocks selected were the same as those used to determine water flux (see 'Climatic severity' above) and cylinders and collectors were 15 to 20 cm apart. The collectors were deployed on 10-11 June and collected 6 to 9 September 1996. Each collector was placed in a separate plastic bag for transport to the lab. The collectors were then cleaned in a 10% NaOCl solution (Pouliot et al. 1995) and all organisms from the wash and rinse waters retained by a 150 µm screen preserved in 70% ethanol for subsequent analysis. Most samples were fractionated using a Motoda sampler and the number of mussels > 500 µm determined using a dissecting microscope as an estimate of recruitment.
Statistical analysis. Three indices of community structure were calculated and analyzed: species richness (S) and Shannon-Wiener diversity (H '), the latter calculated in terms of both abundance (H ' no ) and biomass (H ' wt ), as suggested by Tokeshi (1993) . As many indices of community structure are known to be influenced by the size of the organisms examined (Reish 1959 , Bachelet 1990 ), we considered each size class of organisms separately for the above-mentioned indices. Community and wave force data were analyzed by repeated-measures nested ANOVA with embayments nested within embayment sizes. Depending on the analysis, either organism size or sample date were considered as the repeated factors. The data for the water flux study were analyzed using a nested ANCOVA with height above chart datum as the covariate. The phytoplankton data were examined as a crossed nested design. The statistical test used to analyze the recruitment data is outlined in the 'Results'. A series of stepwise regressions was used to examine the importance of the various parameters measured to H ' no , H ' wt , and S calculated from all size classes of organisms combined and for the recruitment of Mytilus edulis.
Community structure among embayment sizes and sites was also examined using analysis of similarities (ANOSIM) (Clarke 1993 ) based on Bray-Curtis similarities calculated from fourth-root transformed abundance data (Clarke & Green 1988 ) and the trends highlighted by the construction of multi-dimensional scaling (MDS) plots. Similarity matrices were also used to relate community structure indices to the other variables calculated by the BIOENV procedure, as outlined by Clarke & Ainsworth (1993) .
Data sets for H ' no , H ' wt , and S were all square-root transformed and those for the wave-force, phytoplankton, and recruitment studies were log-transformed 158 Fig. 1 . Mean (± SE) Shannon-Weiner diversity calculated in terms of (A) animal counts and (B) biomass, and (C) richness of the organisms within mussel communities as a function of organism size from 4 sizes of embayments. Circles, squares, triangles and upside-down triangles represent embayments of 0 (straight coastlines), 100, 250 and 400 m, respectively. Note that the data presented have been back-translated from the transformed data used in the analyses prior to analysis to meet the assumptions of homoscedasticity and normality (confirmed by evaluation of residual plots; Tabachnick & Fidell 1989) . ANCOVA models were first run to test the assumption of homogeneity of regressions and, when not significant, the interaction factor was dropped from all subsequent models (Tabachnick & Fidell 1989) . Post-hoc testing (LSMeans tests; SAS Institute 1996) for differences between means in ANOVAs was performed by modifying the critical α employed (0.05) by sequential Bonferroni adjustments (Rice 1989) . All parametric analyses were carried out using the SAS system for Windows (SAS Institute 1996) . Nonparametric statistics were performed using PRIMER (Carr 1996) .
RESULTS

Embayment size and community structure
The 8 mm size class was dropped from all analyses of community structure (although the results are displayed in the figures for comparison) because very few organisms except mussels were of this size. The magnitude in variation observed at the m-scale (among samples within sites) was almost an order of magnitude greater than that at the km-scale (among sites within sizes) for all indices of diversity measured (Table 1) . Although the size of the organisms included in the analyses greatly influenced both H ' no and H ' wt (Table 1) , neither of these indices varied among embayment sizes (Table 1, Fig. 1 ). Embayment size did, however, influence species richness (Table 1, Fig. 1 ). Bonferroni-adjusted post-hoc examination of the 4 size classes of organisms examined showed that only organisms retained by the 1 mm sieve differed among embayment sizes (data not shown). Although further adjustment of the probability level needed to conclude significant differences failed to determine which size classes of embayments differed in terms of richness, if an ANOVA is significant then at least the 2 most extreme groups must be different (Underwood 1997) . Fig. 1 shows that the richness observed along the linear coastlines is consistently higher than that observed within the embayments for all size classes of organisms. Thus, linear coastlines supported a higher mean Table 1 . Results of repeated measures nested ANOVA examining the influence of embayment size (Size, fixed factor; Bay, random factor) on the diversity and richness (S) of benthic intertidal communities calculated for 4 size classes of organisms (Body, repeated factor). Diversity was calculated in terms of both abundance (H ' no ) and biomass (H ' wt ). Between and within subject effects are presented. All data were square-root transformed to meet the assumptions of the statistical tests. VC: variance components calculated for each variable in the models richness than was observed within the embayments adjacent to these sites. No clear patterns for embayment size are indicated in the MDS plot, which provides only a fair representation of the information contained within the similarity matrix (Fig. 2 , stress = 0.21). No significant differences in community structure among embayment sizes were detected by ANOSIM (R = -0.090, p = 0.738) but sites did differ within embayment sizes (R = 0.250, p < 0.001). In contrast to the results of parametric tests, the nonparametric MDS plot (Fig. 2) shows that community structure was more variable at the km-than at the m-scale, as samples from within sites typically group together in various parts of the plot. Thus, the relative importance of different spatial scales to variation in community structure differed between parametric and nonparametric analyses. Variation at the m-scale was greater than that at the km-scale using parametric tests, whereas the converse was true for the nonparametric tests.
Climatic severity
Water flux was greatest on the last sampling date and least the week before that (Table 2, Fig. 3) . Although Fig. 3 shows that the water flux along straight coastlines and within the 400 m embayments was higher than in the 100 and 250 m embayments on all sampling dates, these differences were not significant (Table 2 ). The influence of the covariate, intertidal height, differed among sampling dates (Table 2 ). These differences are reflected in the differences in the univariate slopes calculated within the repeated measures model (Table 3) . Slopes varied significantly only between the last sampling date and sampling dates 1, 2, and 4. In contrast to the high plaster loss and strong intertidal height effects observed on the last sampling date, plaster loss was not great on the third sampling date, yet the slopes calculated were nonetheless significant. This may be explained by small tides coupled with moderate winds on that date. On one of the planned sampling dates in the waveforce study, only about half of the dynamometers were examined because of unsafe conditions (bad storm). The readings taken on that date were used in lieu of those taken 2 d later and the first of these 2 sampling dates dropped from the analyses. Following the storm, 3 of the dynamometers recorded forces equal to their maxima. As many other dynamometers approached their maxima during this storm, we believe these readings represent realistic forces experienced by the sites at this time and we used the upper detection limits of the devices as data, although these values are probably lower than those forces actually present during the storm. On 7 other occasions, a single dynamometer had obviously been either tampered with or fouled such that the maximal force for the apparatus was reached. In these cases, the mean of the other 2 force readings taken on the same day in the same embayment were substituted in their place.
There are obvious temporal trends evident in the wave force data (Fig. 4, Table 4 ), which was greater in July than in August. The maximal wave force recorded from any given rock within all embayments was that recorded during the storm of 19 to 21 July, as evident by a peak in Fig. 4 . However, the size of embayments did not influence the mean maximal wave force recorded within the different sites (Fig. 4, Table 4 ).
Evidence (fibreglass resin on rocks) of between 27 and 46 of the 50 cones installed in each embayment in the fall of 1995 was found in the spring of 1996. No cement cones were found intact on the rocks. These results suggest simply that abrasion by ice occurs at each site but our data do not allow a test of whether the intensity of abrasion differs among sites.
Energy supply
Chl a concentration varied with respect to the interaction between sampling date and the zone sampled (Table 5) . Concentrations of chl a were always lower within embayments than in zones immediately outside of them, but this difference was only significant for the September sampling (Fig. 5) . Chl a concentrations within the inshore zones did not vary with sampling date (Fig. 5) . Within the offshore zones, concentration of chl a was significantly higher in September than in July, and that in August did not differ from either July or September (Fig. 5) .
Recruitment
An initial examination of the data detected an outlier almost an order of magnitude smaller than the next smallest data point for that embayment. This data point was replaced by a value one less than that of the nextsmallest data point for that embayment (Sokal & Rohlf 1995) . Stepwise regression was used to determine which of 6 factors (linear distance [km] along the coastline of the sampling sites where '0' is the distance of the embayment the furthest to the west, the intertidal height and mean water flux associated with each collector, the mean concentration of chl a in inshore zones and the mean [of the 21 sam- Table 4 . Results of repeated measures nested ANOVA examining the influence of embayment size (Size, fixed factor; Bay, random factor) on the wave force on 21 sampling dates (Date, repeated factor). Because of non-sphericity, probabilities given are those calculated using Huynh-Feldt adjustments
pling dates] and greatest [single date] maximal wave forces recorded within the embayments) best explain the recruitment of Mytilus edulis. Water flux was calculated as the mean of the 5 ANCOVA-standardized (with respect to intertidal height) mean water fluxes calculated for each sampling date. All other independent variables used were based on raw data. Recruitment was a function of the concentration of chl a and all physical parameters measured, except water flux (Table 6 ). The linear distance along the coastline and intertidal height of the collectors explained considerable (34 and 24% of the total variance, respectively) amounts of the total variation in recruitment, with the other factors explaining lesser but nonetheless significant portions of the remaining variance. Recruitment was positively correlated to chl a concentration and the greatest wave force recorded at a site and negatively to the mean wave forces recorded at the sites (Table 6 ). This is seen in the simple regressions of recruitment with each of the 6 factors ( Fig. 6a-f) . Together, these factors explained nearly 76% of the total variation in recruitment. Water flux was significant in neither the multiple regression model (Table 6 ) nor in a simple linear model (Fig. 6 ).
As some of the factors used in the above regression model are fixed within a given embayment, an ANCOVA model using them as covariables may not be used to test whether recruitment varies with embayment size. To get around this constraint, we used the residuals from the regression model outlined above as the dependent variable in a nested ANOVA model to test the influence of embayment size on recruitment. Recruitment of mussels did not vary with embayment size (Table 7 , Fig. 7 ).
Linking community structure to other factors
Although the community structure indices did not vary among embayments of different sizes, the significant nested factors indicated significant variation among sites. We tested the contribution of 6 factors that could potentially influence community structure (differences in H ' no , H ' wt , and S and the nonparametric multivariate community structure information con- Table 6 . Significant factors as determined from stepwise regression of water flux, linear distance along the coastline of sampling sites (Distance), intertidal height (High), the mean concentration of chl a from inshore zones (Phytoplankton), and the mean (MEANwave) and maximal (MAXwave) wave forces recorded from the 12 sites studied on the recruitment of Mytilus edulis to artificial collectors. Data for M. edulis were log(x) transformed to meet the assumptions of the statistical model. Adjusted r 2 of final model = 0.759, df = 59. Variables are presented in the order in which they entered into the statistical model Fig. 5 . Mean (± SE) concentration of chl a at 2 zones (inshore, empty bars; offshore, filled bars) for embayments on 3 sampling dates. For a given sampling date, non-continuous bars indicate means not significantly different between zones. For a given zone, means not differing significantly between sampling dates are indicated by equivalent small (within embayments) or capital (outside of embayments) letters. Note that the data presented have been back-translated from the transformed data used in the analyses tained within the similarity matrix). With the exception of intertidal height, these factors were the same as those used for the stepwise regression of recruitment as well as recruitment itself. The measure of recruitment used was the ANCOVA-standardized (to intertidal height) mean recruitment for each embayment. This measure was calculated from log(x)-transformed data (see above). As richness also varies with embayment size (see above), embayment size was also included in the analysis through the construction of a series (n = 3) of dummy variables (Hardy 1993 ) that were forced into the regression model before the stepping procedure started. Three (along-shore distance, mean and maximal wave forces), 1 (water flux), and 1 (recruitment, in addition to embayment size) factors explained significant amounts of the total variance in H ' no , H ' wt , and S, respectively (Table 8 ). All the significant measures of exposure indicate that, over the range studied, both H ' no and H ' wt increase with increasing exposure. That the relationship between along-shore distance and H ' no was significant and positive shows that the diversity of communities increased in downstream loca- Table 6 in order to remove the effect of intertidal height and the along-shore linear distance of the sampling sites (Bay) from the statistical model tions. Increasing recruitment of Mytilus edulis was correlated with increasing species richness. However, although statistically significant, these effects explain very little of the total variance in any of the parameters measured (see Table 8 ). Similarly, the nonparametric multivariate BIOENV test showed that among all possible combinations of the 6 independent variables, along-shore distance by itself had the highest correlation to the information contained in the similarity matrix for all the samples collected. However, as with the parametric statistics, only a fraction of the total variation was explained (Spearman rank correlation: r = 0.10, p > 0.25).
DISCUSSION
To date, most studies that compare intertidal community structure between sites have attempted to correlate variability to gross differences in a number of physical or biological variables. Such variables include 'exposure' (e.g., Tsuchiya 1979 , Hansen & Ingólfsson 1993 , Bustamante & Branch 1996 , recruitment (Gaines & Roughgarden 1985 , Bingham 1992 , Connolly & Roughgarden 1998 , and phytoplankton abundance (Menge et al. 1995 (Menge et al. , 1997b . However, a simple classification of sites as either 'exposed' or 'protected' is ambiguous and attempts at modeling this effect are impossible. The term 'exposure' itself is troublesome as it may be defined in a number of different ways (Bell & Denny 1994) . Furthermore, other variables may be correlated with exposure and a separation of the importance of each of these requires some quantification of 'exposure' and of these other variables. For example, headlands are not only more exposed than adjacent sites, but recruitment to them may also be much higher (Ebert & Russell 1988 , Connolly & Roughgarden 1998 . Determining which factors are important is not easy. Similarly, although recent attempts to relate differences between local phytoplankton abundance (Menge et al. 1995 (Menge et al. , 1997b and this and other measurements (Menge et al. 1997a , Leonard et al. 1998 are consistent with an hypothesis of bottom-up factors controlling community structure, the studied sites represent widely divergent points along a continuum. Further studies examining a range of different factors must be carried out to determine 164 Fig. 7 . Effect of embayment size on the recruitment of Mytilus edulis to artificial collectors. The dependent variables are the residuals from the regression model (see Table 6 ) explaining differences due to height of the collectors above chart datum and the linear distance along the coastline Table 8 . Factors explaining significant amounts of variation of the dependent variables from stepwise regressions of 6 independent variables on the diversity (H ' no and H ' wt ) and richness (S) of intertidal communities. Independent variables included the linear distance along the coastline of the sampling sites (Distance), the mean water flux (Flux), concentration of phytoplankton and recruitment of mussels within the embayments (Recruitment), and the mean (MEANwave) and maximal (MAXwave) wave forces recorded within embayments. Embayment size was also included in the model as a series of dummy variables (Dum1, Dum2, Dum3). Adjusted r 2 of the final models are 0.198, 0.056, and 0.130 for H ' no , H ' wt and S, respectively. df = 59. See text for details how they act and interact to influence community structure. We approached the question of which factors influence community structure by asking if a number of physical variables, phytoplankton abundance and recruitment of the dominant species (Mytilus edulis), may explain variation in community structure along an apparently homogeneous stretch of shoreline. Although we controlled for m-scale variation by limiting sampling to specific portions of the intertidal communities, variation at this scale accounted for almost an order of magnitude more of the total variation in the analyses than did variation at the km-scale. Despite this large within-site variation and the a priori notion that study sites differed only slightly, if at all, significant portions of the variation in recruitment and community structure were nonetheless explained by the measured variables. Below, we consider each factor in turn and discuss how each may have influenced recruitment of M. edulis and/or community structure.
Coastal heterogeneity
Mesoscale coastal heterogeneity is known to influence community structure, various physical processes and recruitment. For example, entrainment of planktonic larvae within embayments has been suggested to limit the dispersal of polychaetes (Lagadeuc 1992 , Thiébault et al. 1994 , seastars (Sewell & Watson 1993) , barnacles (Bennell 1981 , Kendall et al. 1982 , and diverse assemblages of zoo-and meroplankton (Graham 1992 , Wing et al. 1995 , Archambault et al. 1998 . Recent studies have shown that such entrainment influences community structure within embayments. Studies of headlands indicated their influence on aggregations of zoo-and meroplankton (e.g., Alldredge & Hamner 1980 , Murdoch 1989 , Graham 1992 , Sasaki & Shepard 1995 and some attempts have been made to correlate these patterns to benthic and intertidal community structures around them (e.g., Ebert & Russell 1988 , Rankin et al. 1994 . Others studies on headlands have linked variation in community structure to differences in various physical and/or ecological processes (e.g., Menge 1978a,b) . More recently, attempts have been made to link various processes and intertidal community structure to the scale of different sources of coastal heterogeneity (Archambault & Bourget 1996 , Archambault et al. 1998 , Blanchard & Bourget 1999 . However, many of the above studies document unique events and it is incorrect to extrapolate from such unreplicated studies (Hurlbert 1984 , Underwood & Petraitis 1993 even though, when taken together, they may provide a more global understanding (Paine 1991) .
Of all the comparisons of community structure and of the different variables measured in this study, only species richness was influenced by the scale of coastal heterogeneity examined, embayment size, such that straight coastlines supported a higher mean number of species than did embayments. Species richness in fjords declines with increasing distance from their mouths (Hansen & Ingólfsson 1993) and Rapoport (1994) suggests that lower richness in embayments may reflect differences in extinction and recruitment. Water within embayments may become entrained and thus eventually depauperate of planktonic larvae, thereby reducing overall recruitment (Graham 1992) and presumably species richness. However, the results of our recruitment study are not consistent with this hypothesis as recruitment of Mytilus edulis was not a function of embayment size. Furthermore, other studies performed in the same general area as this study found that both the concentration of zooplankton (Archambault et al. 1998 ) and recruitment on settling plates were generally higher within embayments (mostly larger than those examined in this study) than in zones along the linear coastlines surrounding them.
Climatic severity
Diversity (both H ' no and H ' wt ) in this study was a function of each of the measures of wave exposure calculated. The intermediate disturbance hypothesis states that species diversity is maximal at intermediate levels of disturbance as a balance is struck between the competitive exclusion of competitively inferior but more resistant species and the destruction of those competitively superior but less resistant species (Sousa 1979 , Petraitis et al. 1989 , Aronson & Precht 1995 , Dial & Roughgarden 1998 . The wave regime in the St. Lawrence estuary is quite tame compared to open coastal regions. For instance, the maximal wave force recorded in this study translates to a water velocity of about 5.5 m s -1 , a value surpassed at all the sites studied by Bell & Denny (1994) in California. If we assume 'intermediate' to infer exposure regimes more severe than those of the St. Lawrence estuary, then a positive correlation between wave force and diversity as observed in this study is logical.
As is true for suspension feeders in general (Ricciardi & Bourget 1999) , mussel abundance is generally positively correlated with wave exposure (Bustamante & Branch 1996) and may be related to rates of food delivery and flushing (Leigh et al. 1987 , Leonard et al. 1998 or lower predation rates (Menge 1976) . Numerous studies on mussel communities have also found overall species richness and/or diversity to increase with wave exposure (e.g., Suchanek 1979 , Tsuchiya 1979 , Jacobi 1987a . That a correlation between exposure and diversity was observed in this study, despite only slight differences in exposure between sites, emphasizes the importance of this factor in structuring intertidal communities.
Water flux had no effect on the recruitment of Mytilus edulis. This was unexpected, as an increase in water flux should concomitantly increase larval supply and therefore recruitment. Furthermore, water flux has been shown to be a good predictor of recruitment of both mussels (Hunt & Scheibling 1995 , Leonard et al. 1998 ) and barnacles (Yund et al. 1991 , Sanford et al. 1994 , Judge & Craig 1997 . The observed inter-site variation in water flux was perhaps too small to have had a measurable effect, given the other factors that influence recruitment. In contrast to water flux, both the mean and maximal wave forces were correlated with recruitment. Recruitment of mussels (Menge et al. 1994 , Robles 1997 , Connolly & Roughgarden 1998 and barnacles (Caffey 1985 , Sutherland 1990 ) has been shown to be positively correlated with exposure. However, such correlations may in fact be more related to larval supply than to exposure itself, as more sheltered sites may also lie in settlement shadows (Connolly & Roughgarden 1998) .
Energy supply
Phytoplankton abundance varied among dates but was consistently lowest in inshore zones, as has been reported in a number of other studies (Bustamante et al. 1995, Archambault et al. 1999 and references therein) . As phytoplankton sampling in our study was done directly over the mussel beds studied and at the same depth further offshore, differences between the 2 zones may represent depletion of the local phytoplankton populations by mussel filtration in the inshore zone. Numerous studies (Cloern 1982 , Fréchette & Bourget 1985 , Asmus & Asmus 1991 , Prins et al. 1996 , Wilson-Ormond et al. 1997 ) have shown bivalve grazing to decrease the local concentration of phytoplankton. Similarly, also suggest that grazing by zoo-and meroplankton entrained within embayments or along the coast may also contribute to the reduction of phytoplankton in inshore zones. Although it has been suggested that the byproducts of both mussels (Asmus & Asmus 1991 , Barranguet 1997 and barnacles (Williamson & Rees 1995) may actually increase primary production locally, a rapid flushing of the sites studied would not allow these effects to be expressed . A further possibility is that lower concentrations of nutrients in inshore zones (Demers et al. 1989 ) may result from macrophytes acting as sinks for inorganic nitrogen (Raine & Patching 1980) , thereby limiting primary production of phytoplankton and abundance close to the coast.
Recruitment of Mytilus edulis was positively correlated to chl a concentration in this study. Menge et al. (1994 Menge et al. ( , 1995 Menge et al. ( , 1997a have made the same observation for 2 sites on the west coast of North America. Higher concentrations of food may potentially increase survivorship or growth of newly settled larvae. However, given that phytoplankton abundance is highly variable at both temporal and spatial scales (Therriault & Platt 1981 , Smaal & Haas 1997 and that mussel larvae may survive prolonged periods without food (see reviews in Bayne 1976 , Lutz & Kennish 1992 , we are hesitant to suggest higher growth or survivorship as the cause for the statistical relationship between recruitment and phytoplankton abundance.
Phytoplankton abundance or primary production are important factors in determining community structure, particularly in communities dominated by filter feeders (Dahlhoff & Menge 1996) , such as those studied here. However, phytoplankton abundance had no significant effect on any of the indices of community structure measured in this study. We suggest that the slight variation in phytoplankton abundance we observed was insufficient to create detectable differences in community structure. Consistent significant along-shore variation in phytoplankton abundance may be only detectable at scales larger than those considered in this study.
Recruitment
That the strong recruitment gradient observed in this study was related to community structure (species richness) is not surprising. Numerous theoretical and empirical studies have shown that this may come about directly by increasing the number and/or types of organisms recruiting, or indirectly by modifying ecological processes such as predation and competition (see reviews in Underwood & Denley 1984 , Menge 1991 , Booth & Brosnan 1995 , Caley et al. 1996 . If recruitment influenced richness directly, this should be most evident for species with life cycles with planktonic stages. A comparison of 2 communities at opposite ends of the ranges for both recruitment and species richness (lowest richness and 2nd lowest recruitment vs highest richness and recruitment) does not support this hypothesis (data not shown). In fact, most of the species that were more prevalent at the high richness site have direct-development life cycles and therefore a higher overall recruitment of organisms from the meroplankton may not explain the observed variation in richness.
Along-shore variation
Of all the independent variables, along-shore linear distance was the single best predictor of both recruitment and H' no . Although a number of studies have noted considerable among-site variation in the recruitment of intertidal invertebrates (e.g., Caffey 1985 , Raimondi 1990 , Sutherland 1990 , Molares & Fuentes 1995 , the sites compared typically differed greatly in a number of other ways, each of which may have contributed to the observed variation in recruitment. We controlled for other factors and found recruitment decreased by an order of magnitude almost linearly along the ca 15 km of coastline studied. Spatial and temporal variations in the recruitment of the barnacle Tesseropora rosea have been suggested to result from 2 to 3 km long larval clouds that come into irregular contact with the shoreline at the whims of the weather (Caffey 1985) . Such a process, however, would be less likely to manifest itself with a method that integrates longer-term variation in recruitment, as was employed in this study. The pattern of recruitment we observed more likely results from a more consistent oceanographic process. Variation in upwelling intensity may cause differences in recruitment (Farrell et al. 1991) and Connolly & Roughgarden (1998) have suggested that a gradient in upwelling intensity may alter recruitment strength along the mid-Pacific coast of North America. Such a mechanism operating at a smaller spatial scale could explain the marked decline in recruitment observed in this study. Gradients in surface slicks associated with internal waves or tides (Shanks & Wright 1987 , LeFèvre & Bourget 1992 ) may also account for the spatial trends observed in this study. Monitoring water temperatures along the study area may suffice to highlight these effects. Knowledge of the submarine topography of the study area could yield important clues into the mechanism of the along-shore variation in recruitment as various topographic irregularities may result in predictable patterns (Shanks & Wright 1987) . The observed pattern may also result from downstream sites lying within the recruitment shadow of upstream ones.
Few studies have considered how community structure varies over apparently homogeneous shorelines. Schoch & Dethier (1996) compared community structure among sites with similar characteristics along 5 km of Washington coastline and suggested that communities from similar habitats differed little. However, their data do not support this claim and the different sites do actually differ considerably. Most other studies that compare community structure among similar sites only look at 1 or a small number of species, and in many cases the results are part of larger studies designed to examine the spatial scales at which community structure is most variable.
Conclusions
This study shows that communities from adjacent sites that experience ostensibly similar environmental stimuli do in fact differ and that these differences may be, in part, attributed to a number of easily measured variables. Although little of the total variation in community structure is explained by our models, the comparatively large intra-site variation makes the significance of these results that much more surprising. They also underscore the importance of each of the factors measured in determining community structure. Further studies covering a range of each of the factors (and more) are needed to understand the relation between these and intertidal community structure. To our knowledge, this is the first observation of an alongshore linear trend in diversity at the mesoscale. More importantly, this trend existed even after other factors were controlled for. Biological factors such as predation and competition that are known to influence diversity were not considered in this study but we assume them to have been relatively constant and low in the area studied. The only major predator is Nucella lapillus, and although it was present at all sites, it had an evenly low abundance the year in which the sampling took place (McKindsey pers. obs.). Also, the manipulative studies needed to study such ecological factors (Hairston 1989 , Menge et al. 1994 are not possible given the annual abrasion by ice and the comparatively slow speed at which communities develop in the study area. However, they remain an unexplored factor.
